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RIBOSOMAL FRAMES HIFT TARGETS 
Background of the Invention 

Maintenance of correct reading frame during translation of mRNA is fundamental to the integrity 
5 of the translation process and, ultimately, to cell growth and viability. However, a number of cases have 
been identified in which translating ribosomes are directed to shift reading frames, a phenomenon 
referred to as •'programmed ribosomal frameshifting". Most of these ribosomal frameshift events have 
been observed in RNA viruses. Families of mammalian viruses in which ribosomal frameshifting has 
been observed include retroviruses, coronaviruses, toroviruses. arteriviruses, astroviruses, and 
10 paramyxovtrus. Plant viruses in which frameshifting has been observed include tetraviruses, and 
tombusviruses. In fungi, ribosomal frameshifting has been observed in the totiviruses and many 
retrotransposable elements. Among bacteriophages, ribosomal frameshifting has been documented in T7 
and X. Viral frameshifting events typically produce fusion proteins in which the N- and C-terminal 
domains are encoded by two distinct, overlapping open reading frames. Ribosomal frameshifting in 
15 viruses determines the stoichiometric ratio of structural (Gag) to enzymatic (Gag-pol) proteins, and plays 
a critical role in viral particle assembly. The study of these ribosomal frameshifts has been important 
both because of their critical role in viral morphogenesis, and because of the information they provide 
about the mechanisms by which reading frame is normally maintained. 

The cis-actine sequences that promote efficient ribosomal frameshifting in the -1 (5') direction 
00 have been wel. characterized in several viral systems and it has been convincingly demonstrated that the 
basic molecular mechanisms governing programmed -1 ribosomal frameshifting are almost identical from 
yeast to humans. Two basic sequence elements are required to promote efficient levels of programmed - 
1 ribosomal frameshifting. The first sequence element is heptamer sequence. X XXY YYZ (wherein the 
0-frame is ind.cated by spaces) called the "slippery site". The simultaneous slippage of ribosome-bound 
25 A- and P-site tRNAs by one base in the 5' direction still leaves their non-wobble bases correctly paired 
with the mRNA in the new reading frame. The second promoting element is usually a sequence that 
forms a defined RNA secondary structure, such as an RNA pseudoknot, located within 8 nucleotides 3' of 
the slippery site, and is thought to increase the probability that the ribosome will shift reading frame in 
the -1 direction. The number of ribosomes that shift frame is affected by a number of parameters. 
30 including the ability of the ribosome bound tRNAs to unoair from the 0-frame, the ability of these tRNAs 
to rebind to the -1 frame, the relative position of the RNA pseudoknot from the slippery site and the 
thermodynamic stability of the pseudoknot. 

There are a few documented examples in which programmed ribosomal frameshifting is utilized 
by rnRNAs of cellular origin. In E. colu autoregulation of a programmed + 1 ribosomal frameshift in the 
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P rZ°"™ Quired for the synthesis of Release Factor 2 (RF2) (Craigen and Caskey. 1986; Craigen et 
al 1985" Donly et al.. 1990a; Donly et al., 1990b). and a -1 ribosomal frameshift in the dnaX gene 
generates the DNA polymerase gamma subunit (Flower and McHenry, 1991; Blinkowa and Walker, 
1990- Tsuchihashi and Romberg, 1990). In eukaryotic mRNAs, programmed + 1 ribosomal frameshifting 
5 has been demonstrated in genes encoding ornithine decarboxylase (ODC) Antizyme isolated from rat, 
m ouse xenopus. drosophila (Hayashi and Murakami, 1995; Ivanov et al.. 1998; Kankare et al., 1997; 
Icbibaet al., 1995; Macsufuji et al.. 1995; Rom and Kahana. 1994), and in the EST3 gene of S. cerevisiae 
(Lundblad and Moms, 1997). In mammalian cells, the control of ribosomal frameshifting efficiency is 
autoregulated by ODC Antizyme protein levels (Craigen and Caskey, 1986; Craigen et a... 1985; Donly 
10 et al 1990a- Hayash, and Murakami, 1995; Matsufuji et al., 1995). In yeast cells which lack ODC 

Antizyme high concentrates of putrectne and consequently low concentrations of spermidine promote 
increased efficiencies of frameshifting in the + 1 direction (Balasundaram et al.. 1994b; Balasundaram et 
al 1994a) Thus, the regulation of polyamine biosynthesis demonstrates how programmed ribosomal 
frameshiftin, mav be used by eukaryotic cellular genes as a post-transcnpt.onal regulatory mechanism. 
15 Although there are no known examples of eukaryotic cellular mRNAs which utilize programmed -1 
ribosomal frameshifting, certain observations suggest that this mechanism may also be biologically 
relevant for these cells as well. Certain yeast strains harboring chromosomal mutations which increase 
the efficiency of -1 ribosomal frameshifting W= maintenance of Aame) show cellular defects as well, 
e g temperature sensitive cell cycle growth arrest, temperature-sensitive mating defects, mitochondria. 
20 defects, sensitivity to translational inhibitors, inability to degrade nonsense mRNAs, and slow growth 
phenotypes (Cui et al., 1996; Dinman and Wickner, 1992; Dinman and Wickner, 1994). These 
observations suggest that -1 nboscmal frameshifting may play a role in the regulation of cellular gene 
expression, and that changes in the efficiency of - 1 ribosomal frameshifting may affect cell growth and 
replication. 

25 Based on Che hypothesis that biological systems tend to conserve and use funcuonal molecular 

regulatory mechanisms, a computer search program was designed to tdcnttfy consensus - . nbosotnal 
frameshift signa,s in large DNA databases. It was found that consensus -1 ribosomal frameshift signals 
occur with frequences significantly greater than random ,» these databases. >t was a.so demonstrated 
that one of the predicted - I ribosomal frameshift signals, occurring at the 5' end of the yeast Ras, mRNA. 

30 promotes efficient levels of -1 ribosomal frameshifting in the yeas. S. cere.,*™. 

Summary o f the Invention 
In accordance with the present invention, it has been discovered that gene sequences which have 
the frameshifting sequences exist in many organisms other than viruses. Frameshifting sequences have 
35 been newly identified in numerous yeast, avian, and mammalian sequences. 
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A compuier search was designed to search for consensus -1 ribosomal frameshift signals (motif 
hits) present in the EMBL virus. Saccharomyces cerevisiae. human mRNA, cDNA and Expressed 
Sequence Tag (EST) databases. These searches found that potential -1 ribosomal frameshifting signals 
occur at frequencies greater than one order of magnitude above random chance. This result provides 
5 strong theoretical evidence for the existence of a subset of cellular genes which are regulated at the 
translational level by - 1 ribosomal frameshifting in eukaryotes. and that this post transcriptional 
resolutory mechanism is widely used by many different families of viruses as well. 

The present invention provides a method of identifying a nucleic acid sequence involved in 
ribosomal frameshifting. The method comprises 1) searching a database of gene sequences to identify 
10 sequences which contain the sequence XXX YYY Z , wherein XXX represents GGG. AAA, TTT or 
CCC, YYY represents AAA or TTT. Z represents A, T. or C and wherein XXXYYYZ is not 
AAAAAAA or TTTTTTT; and 2) further searching among those sequences identified in step 1 for a 
sequence encoding a pseudoknot structure which is within eight nucleotides of the sequence identified in 
step 1. 

15 The present invention also provides a method of identifying a nucleic acid sequence involved in 

ribosomal frameshifting, comprising the steps of selecting a gene sequence having a sequence of 
nucleotides from the group of GGG, AAA, TTT and CCC; selecting said gene sequence having an 
adjacent sequence of nucleotides from the group of AAA and TTT; selecting said gene sequence having 
a nucleotide from the group of A, T and C, said nucleotide adjacent to said adjacent sequence of 
20 nucleotides; excluding said gene sequence wherein said sequence of nucleotides is AAA, said adjacent 

sequence of nucleotides is AAA and said nucleotide is A; excluding said gene sequence wherein said 

sequence of nucleotides is TTT, said adjacent sequence of nucleotides is TTT and said nucleotide is T; 

searching for an encoded pseudoknot structure which starts within eight nucleotides of said selected gene 

sequence. 

25 The present invention further provides a system for identifying a nucleic acid sequence involved 

in ribosomal frameshifting, the system comprising access means for accessing a database of gene 
sequences; selection means for selecting a particular gene sequence from said database of gene 
sequences, said particular gene sequence having a sequence of nucleotides from the group of GGG, 
AAA, TTT and CCC. an adjacent sequence of nucleotides from the group of AAA and TTT. a nucleotide 
30 from the group of A, T and C, said nucleotide adjacent to said adjacent sequence of nucleotides, wherein 
said particular gene sequence is excluded from selection when said sequence of nucleotides is AAA. said 
adjacent sequence of nucleotides is AAA and said nucleotide is A and said particular gene sequence is 
excluded from selection when said sequence of nucleotides is TTT, said adjacent sequence of nucleotides 
is TTT and said nucleotide is T; pseudoknot search means for locating an encoded pseudoknot structure 
35 which starts within eight nucleotides of said selected gene sequence. 
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The present invention also provides a method of regulating expression of a mammalian gene 

comprising modulating the frequency of riboscmal frameshifting during translation of messenger RNA. 

Rrief Description of the Drawings 
5 Figure 1: Consensus programmed -1 ribosomal frameshift signal. 

Figure 2: Conservation of two frameshift signals in homologous genes from different organisms. 

rwailpH Descriptio n of the Invention 

The present invention provides a method of identifying a nucleic acid sequence involved in 
10 ribosomal frameshifting. The method comprises searching a database of gene sequences to identify 
nucleic acid sequences which contain a slippery site and a pseudoknot structure assorted with 
frameshiftin S . The method comprises first searching for a slippery site, which is identified by the 
sequence XXX YYY Z, wherein XXX represents GGG. AAA, TTT or CCC: YYY represents AAA or 
TTT- Z represents A, T. or C; and wherein XXXYYYZ is not AAAAAAA or TTTTTTT. Further 
15 searching is conducted among those sequences contaimng a slippery site for a sequence encoding a 
pseudoknot structure which is within eight nucleotides of the slippery site sequence. 

The slippery site may have any of the following nucleic acid sequences: GGG AAA A, GGG 
AAA T GGG AAA C, AAA AAA T, AAA AAA C, TTT AAA A, TTT AAA T, TTT AAA C, CCC 
AAA A, CCC AAA T, CCC AAA C, GGG TTT A, GGG TTT T, GGG TTT C, AAA TTT A, AAA 
20 TTT T AAA TTT C, TTT TTT A, TTT TTT C, CCC TTT A , CCC TTT T, and CCC TTT C. 

The present invention also provides a method of identifying a nucleic acid sequence mvolved m 
ribosomal frameslufting, comprising the steps of selecting a gene sequence having a sequence of 
nucleotides from the group of GGG. AAA, TTT and CCC; selecting said gene sequence having an 
adjacent sequence of nucleotides from the group of AAA and TTT: selecting said gene sequence having 
25 a nucleotide from the group of A, T and C. said nucleotide adjacent to said adjacent sequence of 

nucleotides; excluding said gene sequence wherein said sequence of nucleotides is AAA, said adjacent 
sequence of nucleotides is AAA and said nucleotide is A; excluding said gene sequence wherein said 
sequence of nucleotides is TTT, said adjacent sequence of nucleotides is TTT and said nucleotide is T; 
searching for an encoded pseudoknot structure which starts within eight nuc.eotides of said selected gene 
30 sequence. 

The present invention further provides a system for identifying a nucleic acid sequence involved 
in ribosomal frameshifting. the system comprising access means for accessing a database of gene 
sequences; selection means for selecting a particular gene sequence from said database of gene 
sequences, said particular gene sequence having a sequence of nucleotides from the group of GGG, 
35 AAA, TTT and CCC, an adjacent sequence of nucleotides from the group of AAA and TTT, a nucleotide 
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fromTegrouTof A. T and C. said nucleotide adjacent to sa.d adjacent sequence of nucleotides, wherein 
said particular gene sequence is excluded from selection when said sequence of nucleotides is AAA, said 
adjacent sequence of nucleotides is AAA and said nucleotide is A and said particular gene sequence ,s 
excluded from selection when said sequence of nucleotides is TTT, said adjacent sequence of nucleotides 
5 is TTT and said nucleotide is T; pseudoknot search means for locating an encoded pseudoknot structure 
which starts within eight nucleotides of said selected gene sequence. 

Translation of any gene containing frameshift sequences, namely the slippery site and 
psuedoknot sequences, is potentially regulated by the ribosomal frameshifting mechanism. 
Consequently, translation of such a gene may be regulated by known methods of altering the frequency 
10 of frameshifting, for example, by use of drugs which affect the peptidyl transferase activity. 

Accordingly, the invention provides a method of regulating expression of a mammalian gene comprising 
modulating the frequency of ribosomal frameshifting during translation of messenger RN A. In 
accordance with the method, the frequency of frameshifting may be increased or decreased. 



15 



Computer search protocols. 

The GenBank Saccharomyces cerevisiae. Homo sapiens, Mus musculus, Ratius norvegicus, 
Gallus gallus, Sus scrofa, Drosophila melanogaster , and Virus divisions, and 2 x 10* random sequences 
of 10 3 bases (G-C content = 50%) were searched using the following algorithmic structure: 
Step 1: Search for XXXYYYZ (slippery site) where: 
20 XXX = GGG, AAA, TTT or CCC 

YYY = AAA or TTT 
Z = A, T, or C 

AND XXXYYYZ * AAAAAAA or TTTTTTT. 
Step 1 can be implemented by selecting a gene sequence having a sequence of nuceotides from the group 
05 of GGG AAA, TTT and CCC; selecting the gene sequence having an adjacent sequence of nucleoudes 
from the group of AAA and TTT; selecting the gene sequence having a nucleotide from the group of A, 
T and C the nnuc.eotide adjacent to the adjacent of nucleotides; excluding the gene sequence where.n 
the sequence of nucleotides is AAA, the adjacent sequence of nucleotides is AAA and the nucleotide » 
A; and excluding the gene sequence wherein the sequence of nucletides is TTT, the adjacent sequence of 
30 nucleotides is TTT and the nucleotide is T. 

Step 2: Search for a pseudoknot 3' of the XXXYYYZ slippery she motif using the GenoBase program. 
Further constraints placed on the pseudoknot were: 

a. The pseudoknot must begin within 8 nucleotides (NT) of base Z; 

b. Stem 1 must have a minimum length of 6 base pairs, containing no more than 1 
35 mismatch, 1 insertion or 1 deletion; 
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c. Gap 1 (the gap between stem 1 and stem 2) can be no greater than 3 NT in length; 

d. Stem 2 must have a minimum of 5 base pairs with only 1 insertion, deletion or 
mismatch allowed; 

e. Gap 2 can be no greater than 3 NT in length; 

f. Gap 3 is limited to 100 NT in length. 

Step 3: Align motifs found in steps 1 and 2 with an open reading frame (ORF) of at least 50 codons, 
such that the first base in the slippery site (the first X) is in the third base of a codon. Further, searching 
in the 5' direction of the motif there must be an in-frame ATG codon before a translation^ termination 
signal (TAA, TAG, or TGA). Sequences that satisfied all of these criteria were defined as "motif hits". 
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Strains, media , genetic methods, and plasmid construction. 

E. coli strain DH5 was used for plasmid preparations, and transformations of E. Coli and S. 

Cerevisiae were performed (Dinman and Wickner, 1992). YPAD and synthetic complete medium were 

prepared (Dinman and Wickner. 1994). The S. cerevisiae strain JD88 {MAT a ura3-52 lys2-801 ade2-10 

5 trpl) [L-AHNB] [M,]) was used for in vivo measurements of -1 ribosomal frameshifting efficiencies as 
described in (Dinman and Wickner, 1992). 

pJD160.0 is based on P 3 14-JD86-ter (Cui et al., 1996), with the modification that it contains 
unique Bam HI, Sma I and Kpn 1 restriction endonuclease recognition sites 3' of the AUG start codon, 
and 5' of the lacZ gene. This is the 0-frame control plasmid. pJD160.-l is identical to pJD160.0 except 

10 that lacZ is in the -1 frame with respect to the translational start site without any intervening frameshift 
signal. This is used to measure unprogrammed -1 ribosomal frameshifting. The frameshift signals from 
the yeast RAS1 gene was amplified from genomic DNA by polymerase chain reaction (PCR) as described 
(Costa and Weiner. 1995) using the synthetic oligonucleotide primers shown in Table 1. 

15 Table 1. Oligonucleotid Primers used in this study 

Oligonucleotide Primer ~ ' Description 



5' AAAGAA7TCCGACATGCAGGGAAATCCAAATCAAC 3' (SEQ RAS 1 5' Eco RI. 
IDNO:l) 

5* CCCCCGrACCGTCATCGATGACAACTT 3" (SEQ ED NO:2) RAS 1 3' Kpn I. 

Italicized bases denote added restriction endonuclease recognition sites. Bold bases indicate 
gene sequence. Underlined bases were added 3' of the slippery site and 5' of the predicted mRNA 
pseudoknot forming region so that a -1 ribosomal frameshift will direct elongating ribosomes into the 
original reading frame. 

20 

Since the RAS1 frameshift signal is predicted to direct ribosomes into premature termination 
signals, two additional nucleotides were added in the spacer regions between the slippery sites and 
pseudoknots of these PCR products such that a -1 frameshift would re-direct ribosomes into the original 
reading frame. The PCR products were cloned into pJD 160.0 to produce pJD160.RASl. In this 
25 construct, a programmed -1 frameshift is required for in order for the lacZ gene to be translated. 

RESULTS 

The program is capable of finding known viral programmed -1 ribosomal frameshift signals. 
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WO Z Tposiu ve control, the program was used to search all 36,556 loci of the GenBank virus 
division, revealing 1077 motif hits. The program identified almost all of the known viral -1 ribosomal 
frameshift signals including those that have been classically used to study programmed -1 ribosomal 
frameshiftin*. These include Mouse Mammary Tumor Virus, Feline Leukemia Virus, and Infectious 
5 Bronchitis Virus. As expected, the program was not able to identify the motif hit in Rous Sarcoma Virus 
because the Gaps 1 and 2 represented in Figure 1 are larger than allowed by the program. In addition, 
many motif hits were identified in families of viruses where -1 ribosomal frameshifting has not been 
described. For example, a frameshift motif appears to be well conserved in the E1B protein large T- 
antigen mRNA among the adenoviruses, and in the VP16 family of proteins in many of the herpesviruses. 

10 

Consensus motif hits occur at frequencies significantly greater than random in the genome 

databases. 

If a subset of cellular genes utilize programmed -1 ribosomal frameshifting. then it may be 
assumed that the consensus frameshift motifs should be present in the genomes of many different species 

15 at frequencies significantly greater than random. To test this, the probability of the random occurrence of 
a motif hit was determined. The program was run twice against 10* randomly generated sequences of 10" 
bases. For technical reasons, the G:C content was set to 50%. This negative control found 41 motif hits 
in the first run and 42 in the second. Thus, the random frequency of motif hits is 83 per 2 x 10 7 bases. 
Searches of the large DNA databases revealed that motif hits occur with frequencies significantly greater 

20 than random (Table 2). 

Table 2. Summary of search results. 



Organism 


# Bases 
Searched 


# Motif 
Hits 


— — — — 

Fold > Random 


Random sequence 


2.0 xlO 7 


83 




Saccharomyces cerevisiae (yeast) 


1.2 xlO 7 


260 


5.22 


Homo sapiens (human) 


9.52 xlO 7 


1055 


2.67 


Mus miisculus (mouse) 


2.13 xlO 7 


320 


3.62 





8 

SUBSTITUTE SHEET (RULE 26) 



VV UW 1 3 / OA 

Rattus norvegicus (rat) 


1.14 xlO 7 


103 


2.18 


Gallus gallus (chicken) 


2.37 xlO° 


57 


5.8 


Sus scrofa (pig) 


1.5 xlO 6 


25 


4.02 


Drosophila melanogaster 
(fruitfly) 


1.16 xlO 7 


167 


3.47 


Viruses 


3.7 xlO 7 


1077 


7.0 
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motif hits, because 1) it is complete, 2) it is on the same order of magnitude as the random control, 3) it 
contains the least amount of duplications, and 4) it was sequenced without reading-frame bias. Analysis 
of this dataset revealed 260 motif hits, approximately 5.2-fold more frequent than random. BLAST 

5 analysis revealed that 153 different recognized genes or CDS were represented. Since the yeast genome 
is est.mated to contain approximately 5900 genes, these data suggest that at least 2.55% of the genes in 
the yeast genome contain at least one consensus programmed -1 ribosomal frameshift signal. Further, 
since the algorithm limited the size of gapl and gap2 and disallowed slippery sites of TTTTTTT and 
AAAAAAA , the data probably represent an underestimate of the fraction of motif hits containing yeast 

10 genes. 

Frameshift signals appear to be evolutionary conserved between homologous genes in different 

species. 

If a subset of cellular genes utilize programmed -1 ribosomal frameshifting, then specific 
frameshift signals would be evolutionarily conserved in homologous genes from different organisms. A 

1 5 preliminary comparison of the locations and structures of motif hits in homologous genes in the different 
databases reveals cases where nearly identical motif hits appear to be conserved. Two such examples, a 
comparison of Fibrillin 2 in human and mouse, and of the Sulfonurea Receptor in humans and rat are 
shown in Fig. 2. It is notable that whereas the slippery sites and stems of the motifs are highly 
conserved, the lengths of ga P 3, which are not expected to play a critical role, are variable in both of these 

20 examples. Thus it appears that the biologically important elements of the frameshift signals have been 
conserved, while the unimportant elements have been allowed to drift. 

Mutations that have been linked to inherited human diseases correlate with those that are 
predicted to abolish -1 ribosomal frameshifting. 
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If programmed -1 ribosomal frameshifting has a biologically relevant function in cellular gene 
expression, then there should be a correlation between mutations that disrupt frameshifting by altering 
the -1 ribosomal frameshift signal, and human alleles that have been linked to genetically inherited- 
diseases. This hypothesis predicts that the disease alleles would encode missense mutations, or the 
5 addition or deletion of entire codons. A preliminary analysis of the human motif hit database identified 
four alleles of three genes that fit these criteria (Table 3). 

Table 3: Three Human Genes Where Specific Mutations in the Consensus -1 Ribosomal 



Description 


Diseases and allelic variants*. 


ETFA-electron transfer flavoprotein 
a-subunit precursor 


Type II glutaricaciduria. Note: allelic variant .0004 
(Val270DEL3bp) disrupts the spacing between the 
slippery site and the RNA pseudoknot. 


Triacylglycerol lipase 


Lipoprotein Lipase Deficiency. Note: allelic 
variant ,0027(Arg75Ser) disrupts stem 1 of the 
RNA pseudoknot. Familial Chylomicronemia 
Syndrome. Note: allelic variant .0021 (Trp86Arg) 
disrupts stem 2 of the RNA pseudoknot. 


FASL receptor 


Autoimmune lymphoproliferative syndrome. Note: 
allelic variant .0007 (Tyr216Cys) disrupts stem2 in 
the RNA pseudoknot. 



10 



*The human diseases that are known to be linked to these genes. References to these can be found in the 
Online Mendelian Inheritance in Man (OMIM) database on the WorldWideWeb. 

In the human gene encoding triacylglycerol lipase, the .0027 allelic variant of triacylglycerol 
15 lipase (linked to lipoprotein lipase deficiency) (Wilson et al., 1993), and the .0021 allelic variant (linked 
to Familial Chylomicronemia Syndrome) (Gotoda et al., 1992) are both predicted to disrupt the RNA 
pseudoknot component of the consensus -1 ribosomal frameshift signal. Similarly, the .0007 allelic 
variant of the FASL antigen (linked to autoimmune lymphoproliferative syndrome) (Bettinardi et al., 
1997) is also predicted to disrupt the RNA pseudoknot. Disruption of the mRNA pseudoknot is predicted 
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to abolish programmed -1 ribosomal frameshifting (reviewed in Dinman, 1995; Jacks, 1996; Farabaugh, 
1996; Brierley, 1995; Gesteiand and Atkins, 1996; Dinman et al., 1998; TenDam et al., 1990). In 
addition, the .0004 allele of the ETFA-electron transfer flavoprotein a-subunit precursor (linked to type 
II glutaricaciduria) (Freneaux et al., 1992) disrupts the spacing between the slippery site and the RNA 
5 pseudoknot, which is predicted to result in a decrease in programmed -1 ribosomal frameshifting 
efficiency (Dinman and Wickner, 1992; Brierley et al., 1991; Brierley et al. s 1992; Morikawa and 
Bishop, 1992). 

In summary, a computer implemented method has been developed that is capable of detecting 
known viral -1 ribosomal frameshift signals. We have demonstrated that these motif hits occur with 
10 frequencies approximately one order of magnitude greater than random in many large DNA sequence 
databases, and there are examples where the consensus frameshift signals appear to be evolutionarily 
conserved in homologous genes in different organisms. Finally, three examples are shown where single 
missense mutations that occur in the frameshift signal correspond with previously identified genetically 
inherited diseases in humans. 



Computer identified motif hits can promote efficient levels of programmed -1 ribosomal 

frameshifting in S. cerevisiae. 
Using a series of frameshift reporter plasmids and yeast strains previously developed, a set of 
motif hits that were identified by the computer program were tested for ability to promote efficient levels 

20 of programmed -1 ribosomal frameshifting in intact cells. Plasmids to monitor programmed ribosomal 
frameshifting were previously described (Cui et al., 1996; Dinman et al., 1997;m Dinman and Kinzy, 
1997; Turner et al., 1998; Cui et al.. 1998). Briefly, in all of these plasmids, transcription is driven from 
the yeast PGK1 promoter into an AUG translational start site. The E. coli lacZ gene serves as the 
reporter, and transcription termination utilizes the yeast PGK1 transcriptional terminator. In the pO 

25 plasmids, lacZ is in the 0-frame with respect to the translational start site, and measurement of P- 

galactosidase activity generated from cells transformed with these plasmids serve as the 0-frame controls. 
In the p-1 series, the predicted programmed -1 ribosomal frameshift signals have been cloned into unique 
Bam HI and Sma 1 sites in pO. Thus, in the p-1 series of plasmids, lacZ is in the -1 frame with respect to 
the translational start site, and is 3* of a predicted programmed -1 ribosomal frameshift signal such that 

30 (3-galactosidase can only be produced as a consequence of a programmed -1 ribosomal frameshift. pO 
and p-1 are introduced into yeast cells in parallel, and the amount of the lacZ gene product (P- 
galactosidase) present in both sets of cells are determined. Motif hits amplified by PCR from yeast 
genomic DNA were cloned into pJD160 in such a way that a programmed -1 ribosomal frameshift is 
required for translation of the lacZ gene. This set constitutes the frameshift test plasmids. Programmed 

35 -1 ribosomal frameshift efficiencies were calculated by dividing the P-galactosidase activities generated 



15 
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JZ^^Z frameshift test plasmids by the P - g alactosidase activity generated by the O-frame 
control pJD160. As a control to determine the background levels of unprogrammed -1 framesruftmg, (3- 
galactosidase activities generated from cells harboring pJD160,l were determmed. Further, the 
efficiency of programmed -1 ribosomal frameshifting as promoted by the L-A virus frameshift signal was 
5 determined in order to compare the frameshift promotmg abilities of the motif hits to a known 

programmed -1 ribosomal frameshift signal. The results of these experiments demonstrate that the motif 
hits that were tested are all capable of promoting efficient programmed -1 ribosomal frameshifting as 
compared to the L-A frameshift signal (Table 4). 

. fr,^;»r.t ifvpls of Drosrammed -1 ribosomal frameshifting in intact 
10 Table 4. Motif hits can promote efficient levels oi progranmK-u 

yeast cells. 



Frameshift signal 


% -1 ribosomal frameshifting 


L-A dsRNA virus 


1.9% 


RASI 


4.4% 



15 



Discussion 

Following the hypothesis lha. biological systems tend to conserve usable regulatory 
nanisms, a computer program was developed based on an algorithm describing a set of consensus 
programmed -1 ribosomal frameshift signals. It has been demonstrated 1) that the program is capable of 
findtng known frameshrf signals, 2, that these motif hits occur in the large DNA databases at frequences 
tha, are significantly greater than random, 3, tha, very similar motif h.ts can be found to be evolutionary 
20 conserved in homologous genes from different species, 4) that known missense alleles that have been 
United to human diseases are predicted to disrupt frameshift signals, and 5, that at leas, one mouf h.t 
from the yeas. S. Cere,is,ae genome is capable of promoting efficient levels of programmed -1 nbosomal 
frameshifting. These findings indicate that, in addition to v.ruses, programmed -1 nbosomal 
frameshtfting is also utilized to regulate the expression of chromosomal.y encoded genes ,n eukaryo.es. 

Possible regulatory roles of programmed -1 ribosomal frameshifllng. 

There are three possible translations! outcomes of a programmed ribosomal frameshift. A 
frameshift could result in the production of an extended fusion protein such as the viral gag-pol prote.n. 
to me context of cellular proteins, there are many imaginable consequences of the addnion of a C 
30 ternunal domain. For example, such a domain couid provide a means to physically localize the prote.n to 
a different compartment. An additional Cermina, domain could encode an enzymatic or s.gnal.ng 
function, or even provide an autoregulatory functtot, A programmed ribosomal frameshift could also 
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result in the production of two proteins having identical N-terminal domains and different C-ternuni. In 

addition to the consequences listed above, such an outcome could also result in a bifurcation function. 

For example, the two proteins could have identical input functions (e.g. can both act as a receptor for the 

same ligand). but different output functions (e.g. transduction of the signal to different regulatory 

5 pathways). Thus, programmed ribosomal frameshifting could be utilized by cells to effect activity in 

different bioloeical regulatory pathways. 

A third possible outcome is that programmed ribosomal frameshifting results in a premature 
termination event. Such an event may signal to the translational complex that the mRNA being 
translated contains a nonsense mutation. mRNAs which contain nonsense mutations are rapidly 
10 degraded via the nonsense-mediated mRNA decay (NMD) pathway (reviewed in Weng et al., 1997). 
The rate of mRNA decay plays an important role in the regulation of gene expression, and the decay rate 
of an mRNA can be modulated, depending on the cell type, stage of the cell cycle, or environmental 
conditions (see Atwater et al., 1990; Cleveland and Yen. 1989; Peltz et al.. 1991 for reviews). It has been 
shown that aberrant regulation of post-transcriptiona. control mechanisms can lead to disease (reviewed 
15 in Ross 1995) Altered stability of certain mRNAs has been suggested to be an important factor in 

determining the onset and seventy of disease. Examples include the differences in the stability between 
the wild-type c-mvc mRNA and its tranlocated formed found in Burketts lymphoma; between the highly 
oncogenic v-fos mRNA and its weakly oncogenic c-fos mRNA (reviewed in Weng et al., 1997; Lee et al., 
1988- Raymond et al., 1989) and between mRNAs encoding the oncogenic E6/E7 proteins of the 
.0 nonmtegraed human papilomaviruses found in benign cervical lesions and the more stable E6/E7 mRNAs 
synthesized from the integrated form of the virus that correlates with cervical carcinomas (Jeon and 
Lambert. 1995). Further, mutations in r™*-acting factors that regulate mRNA turnover may also lead to 
aberrant eene reflation and disease. Mutations in ^-acting factors specifically stabilize the 
lymphokine GM-CSF mRNA in monocytic tumors compared with non-tumor cells (Schuler and Cole, 
25 1988). 

As noted above, both the RAS1 and STE5 programmed ribosomal frameshift signals fall into this 
class, promoting approximately 5% of translating ribosomes to encounter premature termination signals. 
One concern is the biological significance of a mere 5% efficiency of frameshifting in that is this wou.d 
result in an insignificant 5% change in overall Rasl protein concentrations. However, this does not take 
30 into account the fact that a -1 ribosomal frameshift would lead to the premature translational termination 
of that specific mRNA molecule. As such, a frameshift event on a specific mRNA would trigger the 
destruction of that mRNA, and thus these frameshift signals should act as mRNA destabilizing elements, 
decreasing the overall stability of all of those mRNAs. For example, in the absence of a frameshift 
signal, each mRNA might be translated 100 times, resulting in the production of 100 protein molecules 
35 per mRNA. In the presence of the signal however, a frameshift efficiency of 5% would result in 1 in 20 
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N M0 pa.way. Thus, each mRN A - be „m..ed CO produc,„ g an average of only » of 20 P-n 
mo.ecules, an 80% reducion in the — of pro.ein syn.hesized. Thus «c propose that - 
prognmm ed ribosoma, frameshifiing ma, be used by a subse. of cellular mRNAs as a genera, 
5 m Inism eo regu,a.e .heir s.abi,i.y and eonse q ue„ t ,y me abundance of ,e.r encoded 

The abundance of a subse. of celluiar naRNAs may he b,o,o g ,ca„y regular by modu,a.,o„ of 
programmed -1 ribosoma, frameshif.ing efficiencies. As noted above. the rare of mKNA decay p ays an 
Znanr role in .he regulatron of g e„e expression, and thedecay rare of an mRNA can be modu la«d 
e endtng on rhe cell type, srage of ,he ce>, cycle, or environmemal condifions. Thus, 
,„ Lma frameshif.mg may he used as a mechanism ,0 regu,a,e ,he abundance of a subse, o c^ 
n^NAs The possihihries for signaling mechanrsms .ha. ma, act ro modu.a.e programmed - nhosom.1 
Zthif, efficiencies are numerous. These may .nclude .he ce.l-cycle. hea, shoe, and development 

and other signals. -u^^oi 
The recen. observation .hat amsomyc.n specifically mh.b.ts programmed -1 nbosoma. 
1 5 frameshifung (Dinman e. a,.. 1997, provides a po.en.ia„y in.rigumg link be.ween regula.ion of 

pZLed bosoma, frameshifting and .he con.ro, of cell growth and division. There ,s a cons,der le 

dy of li.era.ure describing ,he ability of amsomycin .o ae.,va.e ,he fun ki„ase,s,r.s,act.va,ed prcem 
kjse (JNK/SAPK) pa.hway (reviewed in Shu e. a,., 1,9ft Moxham e. a,.. .996). Amsomyc.n 
Tu, a es expression of .h. c>,„ c-fos and « pr„.o-o„co g e„es (Yu e. al.. .996 Moxham e n, 
20 996- Kawasax, e. a, 1996; Hazza.in e. a,., 1996). ac.iva.es .he MAP-xanases <Moxham e, a,.. 1996. 

19 6 ,ahas e. a,.. 1996; Cano e. a,.. .996), pre-riboscmal S, his.one H3 and HMO -U 

, a.' .996). ELAM-1 (Gersa e. a,.. 1992). an g io,e„si„ ., (Yu e. a,.. 1996). ,h= Ras-dependen, 
(Hazzahn a... U> ^ a a , 1996; Can0 

and Ras-independen. pathways (Kawasaki el al.. wjo>.v 10 o«iThe 
«. al .996). MEK6 (Stem e. al.. .996). and ,„suhn,ike growm facor H <N,e,sen e, a , ,995). The 
05 effec', of anrsomyein are specific: o.l,er pro,e,n syndesis inhibitors <..,. cyc,ohex,m,de . eme.me, 
b.ock cell cyc,e progression wi.hou. s,rong JNK/SAPK induc.ion (Shu e, a,.. .996). 

AnLycin inhibi.s pro,ei„ transition a, .he level of elongation. ,. has been propos d ,„a. 

proteins, thus promo,in g cell grow* and div,s,on (Gersa e. a,.. 1992. Sma.lov ^ 
30 1 ,995;Abde,ma ji de.al..,993). According .o .his hypo.hesis however, any general mh.b.to of 
translation should resul. in tn.s effec, and .hus the JNK/SAPK pathway should be nonspec.ficany 
I el any inhibi.or of prote, syn.hes.s. This ,s no. .he case s.nce 1) no. al, .ra„s,a„o„a, .nh,b,ors 
mle ih,s pa.hway. and 2) pa.hway-spec.fic inducon is observed. Since an.somycn decreases ,he 
I X o'rogranled -1 ribosomal frameshif.,ng efficiencies, i. is believed .ha. ,e regulafiono 
35 express,! of proreins invoived in .he JNK/SAPK s.gnaling pa.hway occurs a, the pos„..o„al 
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synthesis, but that h i. mRN A .nstead of prote,. Thus, an.somycin hteiy causes an .ncrease .,„ 
l ane, of these UbU. ce„u,ar mRNAs which encode posuive 8 - relators * — - 
theabunaan ffiripncies in normal growth these mRNAs would promote 

haif-iives an, tow producon of their encode, protein products. However, »n er certa.n 
,0 frameshiftin., Stabti.zanon of ,hes „*NA ^ ^ ^ 

f ° r * • , u- Firc;t -inisomvcin should stabilize nonsense- 

mRNAs. It 199 and lhat anlsomycin 

mRNA and other nonsense-containing mRNAs (Gersa 

— — -T'^^:r;r=:r::::n:rL ■ 

been demonstrated to have antitumor activities (Hofs el al.. 19Sba. Hofs . 
™ d of the „e„ charactered examp.es of non-vira, jammed r.hosoma, frames ,f,,n, .„ 
I! I feedback, mechanisms where ieveis of the encoded protetn products af,ct t e 
25 Lencies of ribosoma, frameshiftina aiong their own mRNAs (reviewed in Gesteiand nd AtRtns. 
" These «amp,es where rihosoma, frameshiftin, efficient is automated prov, e u e r 
support for the hypothec that pro.ra.nmed ribosoma, fra m esh if .,n g can he used to re g u>a,e 
• ™ rt f rplhilar mRNAs and their encoded products. 

30 disclosure of such puhiicattons ts no. essentia, for an understand^ of the inventton. Ah 
publications are hereby incorpora.ed by reference. 



References 



15 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 

AbdeTmal^H^Leclerc-David. C, Moreau. M., Gunier. P.. and Ryazanov. A.G. (1993). Release from 
the metaphase 1 block in invertebrate oocytes: possible involvement of Ca2 + /calmodulin kinase HI. Int. 
J. Dev. Biol. 37, 279-290. 

5 Altchul. S.F., Gish. W.. Miller, E., Myers, E.W.. and Lipman. D.J. (1990). Ba S1 c local alignment search 
tool. J. Mol. Biol. 215. 403-410. 

Atwater, J.A., Wisdom, R-, and Verma, I.M. (1990). Regulated mRNA stability. Ann. Rev. Genet. 24, 
519-541. 

10 Baher. A.. Dunham. G.. Ginaburg, A.. Hagstrom, R., Joerg, D., Krazik, T., Matsuda, H., Michaels, G.. 
Overbeek, R.. Smith, C, Taylor, R., Yoshida, K., and Zawada, D. (1992). Integrated database to support 
research on Escherichia coll Argonne Technical Report ANL92/1, 

15 Balasundaram, D., Dinman, J.D.. Tabor, C.W.. and Tabor. H. (1994a). Two essential genes in the 
biosynthesis of polyamines that modulate + 1 ribosomal frameshifting in Saccharomyces cere^ae. J. 
Bacteriol. 776,7126-7128. 

Balasundaram, D.. Dinman. J.D., Wickner, R.B., Tabor, C.W., and Tabor, H. (1994b). Spermidine 
20 deficiency increases + 1 ribosomal frameshifting efficiency and inhibits Ty7 retrotransposition ,n 
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 91, 172-176. 

Bettinardi. A., Brugnoni. D.. Quiros-Roldan. E.. Malagoli. A., La Grutta, S.. Correra, A., and 
Notarangelo. L.D. (1997). Missense mutations in the Fas gene resulting in auto,mmune 
25 lymphoproliferative syndrome: a molecular and immunological analysis. Blood 89, 902-909. 

Blinkowa A L. and Walker. J.R. (1990). Programmed ribosomal frameshifting generates the Escherichia 
coB DN A polymerase III gamma subunit from within the tau subunit reading frame. Nucle.c Acids 
Research 18, 1725-1729. 

30 

Brierley, I. (1995). Ribosomal frameshifting on viral RNAs. J. Gen. Virol. 76, 1885-1892. 

Brierley, LA.. Dingard. P.. and Inglis. S.C. (1989). Characterization of an efficient coronavirus ribosomal 
frameshifting signal: requirement for an RNA pseudoknot. Cell 57, 537-547. 

35 

16 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 

BrieXTA Tolley, N.J., Jenner, A.J., and Inglis, S.C. (1991). Mutational analysis of the RNA 
pseudoknot component of a coronavirus ribosomal frameshifting signal. J. Mol. Biol. 220, 889-902. 

Brierley, I.A., Jenner. A.J., and Inglis, S.C. (1992). Mutat.onal analysis of the "slippery sequence" 
5 component of a coronavirus ribosomal frameshifting signal. J. Mol. Biol. 227, 463-479. 

Cano, E., Doza, Y.N., Cohen, P., and Mahadevan, L.C. (1996). Identification of anisomycin-activated 
kinases P 45 and P 55 in murine cells as MAPKAP kinase-2. Oncogene 72, 805-812. 

10 Cleveland, D.W. and Yen, T.J. (1989). Multiple elements of mRNA stability. The New Biol. 7, 121-126. 

Costa G L and Weiner, M.P. (1995). Cloning and analysis of PCR-generated DNA fragments. In PCR 
primer: a laboratory manual. C.W. Dieffenbach and G.S. Dveksler, eds. (Cold Spring Harbor, NY: Cold 
Spring Harbor Press), pp. 555-580. 

^ Craigen WJ Cook, R.G., Tate, W.P., and Caskey, C.T. (1985). Bacterial peptide chain release factors: 
conserved primary structure and possible frameshift regulation of release factor 2. Proceedings of the 
National Academy of Sciences of the United States of America 82, 3616-3620. 

20 Craigen, W.J. and Caskey, C.T. ( 1986). Expression of peptide chain release factor 2 requires 
high-efficiency frameshift. Nature 522, 273-275. 

Cui, Y., Dinman, J.D., and Peltz. S.W. (1996). moj4-l is an allele of the UPFUIFS2 gene which affects 
both mRNA turnover and -1 ribosomal frameshifting efficiency. EMBO J. 75, 5726-5736. 

^ Cui, Y., Dinman, J.D.. Kinzy, T.G., and Peltz, S.W. (1998). The Mof2/Suil protein is a general monitor 
of translational accuracy. Mol. Cell. Biol. 18, 1506-1516. 

Dinman, J.D., Icho, T.. and Wickner, R.B. (1991). A -1 ribosomal frameshift in a double-stranded RNA 
30 virus forms a Gag-pol fusion protein. Proc. Natl. Acad. Sci. USA 88, 174-178. 



Dinman 



, J.D. (1995). Ribosomal frameshifting in yeast viruses. Yeast 77, 1115-1127. 



17 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 

DtuZTrL-Echevan-ia. M.J.. Czaplinski. K.. and Pel,, S.W. (1997,. P.ptidyl transferase 
inhibitors have antiviral properties by M, programmed -. ribosomai frameshtfting efficiencies: 
development of mode, system, Proc. Natl. Acad. Sc. USA 94. 6606-66! 1. 

5 Dinman JD Ruiz-Echevarrta. M.J.. and Peltz. S.W. (.998). Translating old drugs uuo new treatments: 
identifying compounds that moduiate programmed -i ribosomai frameshifing and function as potentia, 
antiviral agents. Trends in Biotech. 16, 190-196. 

Dinman. I D. and Ktnzy. T O. 0997). Translational misreading: Mutations ,n 
,0 factor 1- differently affect programmed ribosoma, frameshifttng and drug sens.tivny. RNA 3. 870-881. 

Dinman J D and Wickner. R.B. ( 1992). Ribosomai framesh.fting efficiency and Gag/Gag-pol ratio are 
cntical for yeast Mi double-stranded RNA virus propagation. J. Virology 66. 3669-3676. 

,5 Dinman J D. and Wickner, R.B. ( 1994). Translational maintenance of frame: mutants of W,«™~ 
cere**, with altered -1 ribosomai frameshifing efficiencies. Genetics 136. 75-86. 

Donlv BC Edgar CD.. Adamski, P.M., and Tate. W.P. (1990a). Frameshift au.oregu.ation in the gene 
for Escherichia coH release factor 2: partiy functional mutants result in frameshift enhancement. Nucie.c 

20 Acids Research 1 S, 6517-6522. 

Donl, BC Edgar CD.. Williams, J.M., and Tate. W.P. (1990b). Tightly controlled expression systems 
for the production and purification of Escherichia coii release factor ,. Biochemistry Intention,, 20, 



437-443. 

25 



Farabaugh, P.J. (1996). Programmed translational frameshifting. Microbiol. Rev. 60, 103-134. 
Farabaugh, P.J. (1997). Programmed a.ternative reading of the genetic code. (Austin TX: R.G. Landes 



Company). 

30 



Felsenstein. K.M. and Goff, S.P. (1988). Expresston of the g a s - P ol fusion protein of moloney murine 
leukemia virus w.thou, ^ protein does no, induce „ron formation or proteolytic processtng. 1. V.rol. 
62.2179-2182. 



18 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 

WO 00/15782 r t ^ , . , . .. , v 

Flower, A.M. and McHenry, C.S. (1991). Transcriptional organization of the Escherichia coh dnaX gene. 

Journal of Molecular Biology 220, 649-658. 

Freneaux E., Sheffield, V.C.. Molin. L.. Shires, A., and Rhead, W.J. (1992). Glutaric acidemia type II. 
5 Heterogeneity in beta-oxidation flux, polypeptide synthesis, and complementary DNA mutations in the 
alpha subunit of electron transfer flavoprotein in eight patients. Journal of Clinical Investigation 90, 
1679-1686. 

Gersa P Hooft van Huijsduijnen, R., Whelan, J., and DeLamarter, J.F. (1992). Labile proteins play a 
10 dual role in the control of endothelial leukocyte adhesion molecule-1 (ELAM-1) gene regulation. J. Biol. 
Chem. 267, 19226-19232. 

Gesteland, R.F. and Atkins. J.F. (1996). Recoding: Dynamic reprogramming of translation. Annu. Rev. 
Biochem. 65, 741-768. 

15 

Gotoda, T.. Yamada, N., Murase, T., Miyake, S.. Murakami, R., Kawamura, M., Kozaki, K., Mori. N., 
Shimano H., Shimada, M.. and et al. (1992). A newly identified null allelic mutation in the human 
lipoprotein lipase (LPL) gene of a compound heterozygote with familial LPL deficiency. Biochimica et 
Biophysica Acta 1138, 353-356. 
20 Hagstrom. R., Michalls, G-, Overbeek, R., Price, M., and Taylor, R. (1992). Overv.ew of the Integrated 
Genomic Data System (IGD). Argonne Technical Reports MCS-1030, 

Hagstrom. R.. Michaels. G., Overbeek. R.. Price, M.. and Taylor. R. (1993). Overv.ew of GRACE-A 
database system for analysis of multiple genomes. Proc. 23rd (1993) Hawaiian Intl. Conf. on System 

25 Sci. 

Hayashi. S.-I. and Murakami, Y. (1995). Rapid and regulated degradation of ornithine decarboxylase. 
Biochem. J. 306, 1-10. 

30 Hazzalin, C.A., Cano, E.. Cuenda, A., Barratt. M.J.. Cohen, P., and Mahadevan, L.C. (1996). P 38/RK is 
essential for the stress-mduced nuclear responses: JNK/SAPKs and c-Jun/ATF-2 phosphorylation are 
insufficient. Curr. Biol. 1028-1031. 



19 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 

WO00/15782 U/W1CIQ ^ 
Hofs, H.P., Wagener, D.J., de Valk-Bakker, V., Ottenheijm, H.C., and De Grip, W.J. (1994). 

Concentration and sequence dependent synergism of ehtyldeshydroxy-sparsomycin in combination with 
antitumor agents. Anti-Cancer Drugs. / , 35-42. 

5 Hofs, H.P.. Wagener, D.J., De Vos, D.. Ottenheijm. H.C.. Winkens. H.J., Bovee. P.H., and De Grip, WJ. 
( 1995a). Antitumor activity and terinotoxicity of ethy Ideshydroxy-sparsomycin in mice. Eur. J. Cancer. 
31A, 1526-1530. 

Hofs, H.P., Wagener, D.J., van Rennes, H., De Vos, D., Doesburg, W.H., Ottenheijm, H.C.. and De Grip, 
10 W.J. (1995b). Schedule-dependent enhancement of antitumor activity of ethyldeshydroxy-sparsomycin in 
combination with classical antineoplastic agents. Anti. Cancer Drugs 6, 277-284. 

Honda. A.. Nakamura, T., and Nishimura, S. (1995). RNA signals for translation frameshift: influence of 
stem size and slippery sequence. Biochem. Biophys. Res. Comm. 213, 575-582. 

15 

Ichiba, T., Matsufuji, S., Miyazaki, Y., and Hayashi, S. (1995). Nucleotide sequence of ornithine 
decarboxylase antizyme cDNA from Xenopus laevis. Biochimica et Biophysica Acta 1262, 83-86. 

Ivanov. I.P., Simin, K., Letsou, A., Atkins, J.F., and Gesteland, R.F. (1998). The Drosophila gene for 
20 antizyme requires ribosomal frameshifting for expression and contains an intronic gene for snRNA Sm 
D3 on the opposite strand. Mol. Cell. Biol. 75. 1553-1561. 

Jacks, T., Madhani, H.D., Masiraz, F.R., and Varmus, H.E. (1988). Signals for ribosomal frameshifting in 
the Rous Sarcoma Virus gag-pol region. Cell 55, 447-458. 

25 

Jacks, T. (1996). Translational suppression in gene expression in retroviruses and retrotransposons. Curr. 
Top. Microbiol. Immunol. 157, 93-124. 

Jacks, T. and Varmus, H.E. (1985). Expression of the Rous Sarcoma Virus pol gene by ribosomal 
30 frameshifting. Science 230, 1237-1242. 

Jeon S and Lambert, J.M. (1995). Integration of human papillomavirus ty P el6 DNA into the human 
genome leads to increased stability of E6 and E7 mRNAs: implictions for cervical carcinogenesis. Proc. 
Natl. Acad. Sci. SA 92, 1654-1658. 

35 

20 

SUBSTITUTE SHEET (RULE 26) 



# 



„„„ PCT/US99/20942 
WO 00/15782 

Kankare, K., Uusi-Oukari, M., and Janne, O.A. (1997). Structure, organization and expression of the 
mouse ornithine decarboxylase antizyme gene. Biochemical Journal 324, 807-813. 

Karacostas, V., Wolffe, E.J., Nagashima, K., Gonda, M.A., and Moss, B. (1993). Overexpression of the 
5 HTV-1 gag-pol polyprotein results in intracellular activation of HTV-1 protease and inhibition of assembly 
and budding of virus-like particles. Virology 193, 661-671. 

Kawakami, K., Paned, S., Faioa, B., Moore, D.P., Boeke, J.D., Farabaugh, P.J., Strathem, J.N., 
Nakamura, Y., and Garfinkel, D.J. (1993). A rare tRNA-Arg(CCU) that regulates Tyl element ribosomal 
10 frameshifting is essential for Tyi retrotransposition in Saccharomyces cerevisiae. Genetics 135, 309-320. 

Kawasaki, H., Moriguchi, T„ Matsuda, S., Li, H.Z., Nakamura, S., Shimohama, S., Kimura, J., Gotoh, 
Y., and Nishida, E. (1996). Ras-dependent and Ras-independent activation pathways for the 
stress-activated-protein-kinase cascade. Eur. J. Biochem. 247,315-321. 

15 

Kollmus, H., Honigman, A., Panet, A., and Hauser, H. (1994). The sequences of and distance between 
two exacting signals determine the efficiency of ribosomal frameshifting in human immunodeficiency 
virus type 1 and human T-cell leukemia virus type II in vivo. J. Virol. 68, 6087-6091. 

20 Lee, W.M.F., Lin, C, and Curran, T. (1988). Activation of transforming potential of the human fos 

proto-oncogene requires message stabilization and results in increased amounts of partially modified fos 
protein. Mol. Cell. Biol. «S, 5521-5527. 

Li, H.H., Quinn, J.. Culler, D., Girard, B., J., and Merchant, S. (1996). Molecular genetic analysis of 
25 plastocyanin biosynthesis in Chlamydomonas reinhardtii. J. Biol. Chem. 271, 31283-31289. 

Lundblad, V. and Morris, D.K. (1997). Programmed translation^ frameshifting in a gene required for 
yeast telomere replication. Current Biology 7, 969-976. 

30 Matsufuji, S., Matsufuji, T., Miyazaki, Y., Murakami, Y., Atkins, J.F., Gesteland, R.F., and Hayashi, S. 
(1995). Autoregulatory frameshifting in decoding mammalian ornithine decarboxylase antizyme. Cell 80, 
51-60. 

Morikawa, S. and Bishop, D.H.L. (1992). Identification and analysis of the gag-pol ribosomal frameshift 
35 site of feline immunodeficiency virus. Virology 186, 389-397. 

21 

SUBSTITUTE SHEET (RULE 26) 



# 



WO 00/15782 



PCT/US99/20942 



Moxham CM., Tabrizchi, A., Davis, R.J., and Malbon, C.C. (1996). Jun N-terminal kinase mediates 
activation of skeletal muscle glycogen synthase by insulin in vivo. J. Biol. Chem. 277, 30765-30773. 

5 Nahas N., Molski. T.F., Fernandez, G.A., and Sha'ari, R.I. (1996). Tyrosine phosphorylation and 
activation of a new mitogen-activated protein (MAP)-kinase cascade in human neutrophils stimulate 
with various agonists. Biochem. J. 318, 247-253. 

Nielsen, F.C., Ostergarrd, L., Nielsen, J., and Christiansen. J. (1995). Growth-dependent translation of 
10 IGF-II mRNA by a rapamycin-sensitive pathway. Nature 377, 358-362. 

Park i and Morrow, CD. (1991). Overexpression of the gag-pol precursor from human 
immunodeficiency v.rus type-I proviral genomes results in efficient proteolytic processing in the absence 
of virion production. J. Virol. 65, 5 1 1 1-5 1 17. 

15 Peltz, S.W., Brewer, G., Bernstein, P., Kratzke, R.. and Ross, J. (1991). Regulation of mRNA turnover in 
eukaryotic cells. CRCCrit. Rev. in Euk. Gene Expr. 7, 99-126. 

Raymond, V., Atwater, J.A., and Verma, I.M. (1989). Removal of an mRNA destabilizing element 
20 correlates with the increased oncogenicity of proto-oncogene c-fos. Oncogene Res. 5, 1-12. 

Rom E and Kahana, C. (1994). Polyamines regulate the expression of orinithine decarboxylase 
antizyme in vitro by inducing ribosomal frameshifting. Proc. Natl. Acad. Sci. USA 97, 3959-3963. 

25 Rosenwald, I.E., Setkov, N.A., Kazakov, V.N., Chen, J.J., Ryazanov, A.G., London, I.M., and Epifanova, 
O.I. (1995). Transient inhibition of ptorein synthesis induces expression of proto-oncogenes and 
stimulates resting cells to enter the cell cycle. Cell Prolif. 28, 631-644. 



Ross 



, J. (1995). mRNA stability in mammalian cells. Microbiol. Rev. 59, 423-450. 



30 



Schuler, G.D. and Cole, M.D. (1988). GM-CSF and oncogene mRNA stabilities are independently 
regulated in trans in a mouse monocytic tumor. Cell 55, 11 15-1122. 

Shu, J., Hitomi, M., and Stacey, D. (1996). Activation of JNK/SAPK pathway is not directly inhibitory 
35 for cell cycle progression in NIH3T3 cells. Oncogene 73, 2421-2430. 

22 

SUBSTITUTE SHEET (RULE 26) 



# 



PCT/US99/20942 
WO 00/15782 

Smailov. S.K.. Lee, A.V., and Iskakov, B.K. (1993). Study of phosphorylation of translation elongation 
factor 2 (EF-2) from wheat germ. FEBS Lett. 321, 2 19-223. 

5 Somogyi, P., Jenner, A.J., Brierley, I.A., and Inglis. S.C. (1993). Ribosomal pausing during translation of 
an RNA pseudoknot. Mol. Cell. Biol. 13, 6931-6940. 

Stahl G Btdou, L., Rousset, J,P.. and Cassan, M. (1995). Versatile vectors to study recoding: 
conservation of rules between yeast and mammalian cells. Nucleic Acids Res. 23, 1557-1560. 

10 Stein B Bradv.H.. Yang, M.X., Young. D.B., and Barbosa, M.S. (1996). Cloning and characterization 
of MEK6, a novel member of the mitogen-activated protein kinase kinase cascade. J. B,ol. Chen, 271, 
11427-11433. 

15 TenDam. E., Pleij. K., and Bosch, L. (1990). RNA pseudoknots: translational frameshifting and 
readthrough on viral RNAs. Virus Genes 4, 121-136. 

Tsuchihashi. Z. and Kornberg, A. (1990). Translattonal frameshifting generates the gamma subunit of 
DNA polymerase III ho.oenzyme. Proceeds of the National Academy of Sciences of the United States 
20 of America 87, 25 16-2520. 

Tu C Tzeng, T.-H., and Bruenn, J.A. (1992). Ribosomal movement impeded at a pseudoknot required 
for ribosomal frameshifting. Proc. Natl. Acad. Sc. USA 89. 8636-8640. 

.5 Turner N E Parikh, B., Li. P., and Dinman, J.D. (1998). Pokeweed antiviral protein specifically inhibits 
Tyl ducted + 1 ribosomal frameshifting and Ty7 retrotransposition in Sacckaromyces cerevistae. J. 
Virol. 72, 1036-1042. 

Weng Y Ruiz-Echevarria. M.I.. Zhang. S.. CuU Y.. Czapiir.sk, K.. Dinman. I.D.. and Pel*. S.W. 
30 (1997^ Charaaerizauon of ,he nonsense-mediared nrRNA decay partway and i« effec, on mod»,a„ng 
rransia.ion ierrrunauon and proved frameshifung. In Modern Cell Biology. PosMranscrip.ional 
Gene Regulauon: Todays RNA world. ,.B. Harford and D R. Morris, eds. (New Yoric: Wiley-Liss Inc.). 
pp. 241-263. 



23 

SUBSTITUTE SHEET (RULE 26) 



# 



PCT/US99/20942 
WO 00/15782 

Wilson, D.E., Hata, A., Kwona, L.K., Lingam, A., Shuhua, J., Ridinger, D.N., Yeager, C, Kaltenbom, 
K.C., Iverius, P.-H., and Lalouel, J.-M. (1993). Mutations in exon 3 of the lipoprotein lipase gene 
segregating in a family with hypertriglyceridemia, pancreatitis, and non-insulin-dependent diabetes. J. 
Clin. Invest. 92,203-211. 

5 

Wilson, W., Braddock, M., Adams, S.E., Rathjen, P.D., Kingsman, S.M., and Kingsman, A.J. (1988). 
HIV expression strategies: ribosomal frameshifting is directed by a short sequence in both mammalian 
and yeast systems. Cell 55, 1 159-1 169. 

Xu, J. and Boeke, J.D. (1990). Host genes that influence transposition in yeast: the abundance of a rare 
10 tRNA regulates Tyl transposition frequency. Proc. Natl. Acad. Sci. USA 87, 8360-8364. 

Yu, H., Li, X., Marchetto, G.S., Dy, R., Hunter, D., Calvo, B., Dawson, T.L., Wilm, M., Anderegg, R.J., 
Graves, L.M., and Earp, H.S. (1996). Activation of a novel calcium-dependent protein-tyrosine kinase. 
Correlation with c-Jun N-terminal kinase but not mitogen-activated protein kinase activation. J. Biol. 
15 Chem. 277,29993-29998. 



24 

SUBSTITUTE SHEET (RULE 26) 



PCT/US99/20942 
WO 00/15782 



What is claimed is: 

1 A method of identifying a nucleic acid sequence involved in ribosomal frameshifting comprising: 

1) searching a database of gene sequences to identify sequences which contain the sequence 

5 XXX YYY Z, wherein 

XXX represents GGG, AAA, TTT or CCC, 
YYY represents AAA or TTT, 
Z represents A, T, or C 
and wherein XXXYYYZ is not AAAAAAA or TTTTTTT; 
10 2 ) further searching among those sequences identified in step 1 for a sequence encoding a 

pseudoknot structure which is within eight nucleotides of the sequence identified in step 1. 

2. The method of claim 1 , wherein XXXYYYZ represents a sequence selected from the group 
consisting of GGG AAA A, GGG AAA T, GGG AAA C, AAA AAA T, AAA AAA C, TTT AAA A, 

15 TTT AAA T, TTT AAA C, CCC AAA A, CCC AAA T, CCC AAA C, GGG TTT A, GGG TTT T, 
GGG TTT C. AAA TTT A, AAA TTT T, AAA TTT C, TTT TTT A, TTT TTT C, CCC TTT A, CCC 
TTT T, and CCC TTT C. 

3. A method of identifying a nucleic acid sequence involved in ribosomal frameshifting comprising 
20 the steps of: 

selecting a gene sequence having a sequence of nucleotides from the group of GGG, AAA, TTT 
and CCC; 

selecting said gene sequence having an adjacent sequence of nucleotides from the group of AAA 
and TTT; 

25 selecting said gene sequence having a nucleotide from the group of A, T and C, said nucleotide 

adjacent to said adjacent sequence of nucleotides; 

excluding said gene sequence wherein said sequence of nucleotides is AAA, said adjacent 
sequence of nucleotides is AAA and said nucleotide is A; 

excluding said gene sequence wherein said sequence of nucleotides is TTT, said adjacent 
30 sequence of nucleotides is TTT and said nucleotide is T; 

searching for an encoded pseudoknot structure which starts within eight nucleotides of said 

selected gene sequence. 

4. The method of claim 3 wherein XXXYYYZ represents a sequence selected from the group 
35 consisting of GGG AAA A, GGG AAA T, GGG AAA C, AAA AAA T, AAA AAA C, TTT AAA A, 

25 
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TTT AAA T, TTT AAA C, CCC AAA A, CCC AAA T, CCC AAA C, GGG TTT A, GGG TTT T, 
GGG TTT C, AAA TTT A, AAA TTT T, AAA TTT C, TTT TTT A, TTT TTT C, CCC TTT A. CCC 
TTT T, and CCC TTT C. 

5 5. A system for identifying a nucleic acid sequence involved in ribosomal frameshifting, the system 
comprising: 

access means for accessing a database of gene sequences; 

selection means for selecting a particular gene sequence from said database of gene sequences, 
said particular gene sequence having a sequence of nucleotides from the group of GGG, AAA, TTT and 
10 CCC, an adjacent sequence of nucleotides from the group of AAA and TTT, a nucleotide from the group 
of A, T and C, said nucleotide adjacent to said adjacent sequence of nucleotides, wherein said particular 
gene sequence is excluded from selection when said sequence of nucleotides is AAA, said adjacent 
sequence of nucleotides is AAA and said nucleotide is A and said particular gene sequence is excluded 
from selection when said sequence of nucleotides is TTT, said adjacent sequence of nucleotides is TTT 

15 and said nucleotide is T; 

pseudoknot search means for locating an encoded pseudoknot structure which starts within eight 

nucleotides of said selected gene sequence. 

6. The system as recited in claim 5 wherein XXXYYYZ represents a sequence selected from the 
20 group consisting of GGG AAA A, GGG AAA T, GGG AAA C, AAA AAA T, AAA AAA C, TTT AAA 
A, TTT AAA T, TTT AAA C, CCC AAA A, CCC AAA T, CCC AAAC, GGG TTT A, GGG TTT T, 
GGG TTT C, AAA TTT A, AAA TTT T, AAA TTT C, TTT TTT A, TTT TTT C, CCC TTT A, CCC 
TTT T, and CCC TTT C. 

25 7. A method of regulating expression of a mammalian gene comprising modulating the frequency of 
ribosomal frameshifting during translation of messenger RNA. 

8. The method according to claim 7, wherein the frequency of frameshifting is increased. 
30 9. The method according to claim 7, wherein the frequency of frameshifting is decreased. 

10. The method according to claim 7, wherein the gene encodes an oncogene. 

11. The method according to claim 7, wherein the gene encodes a tumor suppresser gene. 



35 
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12. The method according to claim 7, wherein the gene encodes a hormone. 

13. The method according to claim 7, wherein the gene encodes a human growth hormone. 
5 14. The method according to claim 7, wherein the gene encodes a hormone receptor. 

15. The method according to claim 7, wherein the gene encodes a human growth hormone receptor. 

16. The method according to claim 6, wherein the gene encodes a catalytic enzyme. 

10 

17. A method of treating a disease caused by reduced expression of a gene product which is 
produced as a result of ribosomal frameshifting, comprising increasing the frequency of ribosomal 
frameshifting during translation of the gene. 

15 18. A method of treating a disease caused by increased expression of a gene product which is 
produced as a result of ribosomal frameshifting, comprising decreasing the frequency of ribosomal 
frameshifting during translation of the gene. 
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SEQUENCE LISTING 



<110> Dinman, Jonathan D. 
Peltz, Stuart W. 

<120> RIBOSOMAL FRAMESHIFT TARGETS 

<130> UMDNJ-31060 

<140> 
<141> 

<150> 60/100285 
<151> 1998-09-14 

<160> 2 

<170> Patentln Ver. 2.0 

<210> 1 
<211> 35 
<212> DNA 

<213> Artificial Sequence 

^23 > Description of Artificial Sequence : primer 

aiagiattcc gacatgcagg gaaatccaaa tcaac 

<210> 2 
<211> 27 
<212> DNA . 

<213> Artificial Sequence 

<2M> Description of Artificial Sequence : primer 
<400> 2 

ccccggtacc gtcatcgatg acaactt 
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